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Introduction

The classic mechanism of action of steroid hormones
involves binding to their respective intracellular recep-
tors, which act as transcription factors in the regulation
of gene expression. The ensuing effects, described as
the genomic effects of steroids, are relatively slow. Evi-
dence that some steroids, through interaction with
certain neurotransmitter receptors, can alter neuronal
excitability at the cell surface has led to the description
of the rapid membrane effects of steroids. The term
“neuroactive steroid” (NAS) has been coined for
steroids with these particular properties.' Diverse
mechanisms for rapid steroid effects have now been
described, and the nongenomic effects of NASs may
involve y-aminobutyric acid (GABA) receptors, gluta-
mate receptors, nicotinic acetylcholine receptors, sigma
receptors, 5-HT; receptors, or voltage- or non-voltage-
gated calcium channels. These various mechanisms are
reportedly involved in functions as diverse as sleep,
anxiety, seizure activity, aggressive behaviour, re-
sponse to stress, and neuronal regeneration and protec-
tion, as well as in learning and memory.”

Neuroactive steroids, the GABA, receptor
complex and anxiety

The bulk of research on the role of NASs in anxiety and
stress involves the GABA, receptor complex, at which

several NASs act as positive or negative allosteric mod-
ulators. NASs that affect GABA, receptor function
include progesterone derivatives such as allopreg-
nanolone (ALLO; 3a,50-tetrahydroprogesterone), epi-
allopregnanolone (3f3,5a-tetrahydroprogesterone),
pregnanolone (3a,5B-tetrahydroprogesterone), and
tetrahydrodeoxycorticosterone (3a,50-THDOC), as
well as pregnenolone (PREG), pregnenolone sulfate
(PREGS), dehydroepiandrosterone (DHEA) and DHEA
sulfate (DHEAS). Such modulation suggests a direct
binding site (or sites) for the NAS on the GABA, recep-
tor, although such sites have not yet been unequivo-
cally demonstrated. These NASs can be synthesized
de novo in the nervous system (in which case they are
called neurosteroids’), the adrenals, the gonads and the
placenta. Of these NASs, only 3a,50-THDOC is not
considered a neurosteroid stricto sensu because, al-
though it is produced in the brain from deoxycorticos-
terone, it becomes undetectable in that organ after
adrenalectomy. Enzymes involved in the biosynthesis
of these NASs, such as 50-reductase and 3a-hydroxy-
steroid oxidoreductase, are found in key neuro-
anatomic structures involved in anxiety such as the
amygdala and the hippocampus.*

The endogenous 3a-hydroxy ring A-reduced
steroids such as ALLO and 30,50-THDOC are among
the most potent ligands of the GABA, receptor, with
affinities equal to or greater than those of other known
ligands such as benzodiazepines or barbiturates.” In
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animal models of anxiety, positive modulation of the
GABA, receptor has been associated with anxiolytic
activity, whereas negative modulation has been associ-
ated with anxiogenic activity.® Indeed, in most, but not
all, studies involving several animal models, peripheral
and central administration of ALLO, 3a,5a-THDOC
and, to a lesser extent, PREG has resulted in significant
anxiolytic activity.®”” ALLO also appears to be responsi-
ble for the observed anxiolytic activity of progesterone.
Bitran et al” showed that administration of proges-
terone is associated with increases in serum and corti-
cal levels of ALLO and that the anxiolytic activity of
progesterone was due to its conversion to ALLO.

The effects on anxiety of PREG, PREGS, DHEA and
DHEAS are less clear than those of ALLO. PREG has
been reported to induce anxiogenic activity in mice
tested in the plus-maze model.® In the same study,
PREGS produced a biphasic action, with a low dose (in
the nanomolar range) inducing anxiolytic effects and a
high dose (in the micromolar range) an anxiogenic
response. Contradictory results have been obtained
with PREGS, which may reflect the mixed agonist-
antagonist profile observed at the level of GABA, re-
ceptor function.” However, these results could also be
explained by the positive allosteric modulator activity
of PREGS at the level of the N-methyl-D-aspartate
(NMDA) excitatory amino acid receptor, given that an-
tagonist activity at the level of this receptor is associ-
ated with anxiolytic activity.” Observed anxiogenic
activity of DHEAS in mice undergoing the mirror
chamber behavioural test is consistent with its antago-
nist properties at the level of the GABA, receptor.”
However, in studies with the plus-maze model in mice,
DHEA and DHEAS both produced anxiolytic effects.”
Interestingly, DHEAS can block the anxiolytic activity
of dizocilpine, an NMDA receptor antagonist, in the
mirror chamber test, which suggests that the effects of
DHEA and DHEAS on anxiety might be mediated
through mechanisms independent of GABA, receptor
activity."

Clinical studies on neuroactive steroids

NASs, particularly ALLO and pregnanolone, are re-
portedly decreased in both the cerebrospinal fluid
(CSF) and the plasma of untreated patients with major
depressive episode.”* Antidepressant treatment with
the selective serotonin reuptake inhibitors (SSRIs) flu-
oxetine and fluvoxamine, also used to treat anxiety

disorders, normalized the ALLO and pregnanolone
content of the CSF, and there was a correlation be-
tween improvements in symptoms and increase in CSF
levels of ALLO and pregnanolone.” Interestingly,
Romeo et al” found a chronological association be-
tween SSRI-induced increases in plasma ALLO and the
classically delayed clinical response to antidepressant
treatment (also true for the clinical response to the
anxiolytic activity of SSRIs). The SSRIs have also been
reported to alter the enzymatic activity of the 3a-
hydroxysteroid oxidoreductase.>*

To the best of our knowledge, we have performed
the first studies assessing plasma levels of NAS deriva-
tives of progesterone in patients with anxiety disor-
ders, namely generalized anxiety disorder, generalized
social phobia and panic disorder. Contrary to our hy-
potheses, we did not find any clear differences in base-
line plasma levels of ALLO between patients with gen-
eralized anxiety disorder,” generalized social phobia™
or panic disorder (unpublished data) and normal sub-
jects. This last result contradicts a recently published
paper which described higher ALLO levels in patients
with panic disorder.” Interestingly, we found that pa-
tients with generalized anxiety disorder or generalized
social phobia but not panic disorder had lower plasma
levels of PREGS than healthy volunteers. However, we
did not find any correlation between plasma levels of
PREGS and the severity of symptoms, as assessed with
the Hamilton Anxiety and the Liebowitz Social Anxi-
ety scales in patients with generalized anxiety disorder
or generalized social phobia respectively. Given the
lack of correlation between PREGS levels and symp-
tom severity, the lower levels of PREGS may represent
insufficiency of a compensatory mechanism. Since
PREGS is anxiolytic at low doses (through agonist
activity at the level of the GABA, receptor) but anxio-
genic at high doses (through antagonist activity at the
level of the same receptor), the observed lower levels of
PREGS could be interpreted as an attempt to cope with
pathologic anxiety by counteracting the detrimental
antagonist activity of PREGS at the level of the GABA,
receptor. In addition, data from animal studies suggest
that the anxiogenic activity of PREGS can also be medi-
ated by its positive allosteric modulator activity at the
level of the NMDA excitatory amino acid receptor,”
which is in accordance with the anxiogenic activity
associated with increased glutamatergic activity."

If the lack of pathologic anxiety is considered the
result of a homeostatic balance between endogenous
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anxiolytic and anxiogenic agents and more particularly
is determined to represent an equilibrium between
GABAergic and glutamatergic activity,’ the body
would be able to maintain homeostasis through fluctu-
ations in the intensity of GABAergic and glutamatergic
function. In the context of pathologic anxiety, lower
production of PREGS could be interpreted as a homeo-
static attempt to decrease anxiogenic activity through a
lesser negative modulation of the GABA, receptor and
a lesser positive modulation of the NMDA receptor.
Spivak et al” found that plasma levels of DHEA and
DHEAS were higher than normal in male patients with
combat-related posttraumatic stress disorder; however,
we did not find any such changes in patients with gen-
eralized anxiety disorder, generalized social phobia or
panic disorder.

Neuroactive steroids and the hypothalamic-
pituitary-adrenal axis

Several animal studies have shown that various stres-
sors induce a delayed increase in brain and plasma
concentrations of ALLO and 3a,5a -THDOC, 2 positive
modulators of the GABA, receptor.?* These stress par-
adigms were associated with an initial increase in bind-
ing of tert-butylbicyclophosphorothionate labelled with
sulphur-35, a sensitive marker of GABA, receptor
function; the increased binding was interpreted by Bar-
baccia et al” as a consequence of decreased GABAergic
transmission. One of the stress paradigms used in male
rats was inhalation of carbon dioxide, a challenge
known to induce anxiety-like behaviour in rats and
panic attacks in humans.” Our pilot data in men with
panic disorder and healthy volunteers, which showed
a strong trend toward greater levels of ALLO (almost
reaching statistical significance [p = 0.08]), suggest that
challenge with the panicogenic agent pentagastrin may
also induce a delayed release of ALLO in plasma.*
This stress- or panic-induced release of NASs has
been speculated to represent an endogenous homeo-
static mechanism for restoring the GABAergic system
after stress™ as well as for restoring normal activity of
the hypothalamic-pituitary-adrenal (HPA) axis. Inter-
pretation of this delayed increase in ALLO (and likely
30,5a-THDOC) as a protective homeostatic mechanism
against stress is supported by the effects of ALLO and
30,50-THDOC on HPA axis activity and the well-
known inhibitory effects of GABA, receptor activity on
HPA axis activity.” For example, peripheral adminis-

tration of ALLO and 3a,50-THDOC to rats dampened
the activity of the HPA axis in response to stress.”*
Subcutaneous administration of ALLO lessened the
release of corticosterone in response to air puffs (a
stress test) in adult male rats and decreased gene tran-
scription of arginine vasopressin, a secretagogue of
adrenocorticotropic hormone, in the hypothalamus.”
Subcutaneous administration of 3a,5a-THDOC atten-
uated the long-lasting HPA axis-related alterations
-associated with maternal separation in infant male
rats. Indeed, administration of 3a,5a-THDOC to male
rat pups before separation from their mothers coun-
teracted the exaggerated adrenocortical (cortiscos-
terone) response to emotional stress, the decreased
responsiveness to the suppressive action of dexam-
ethasone, the increased levels of corticotropin-releas-
ing hormone messenger RNA in the paraventricular
nucleus and the diminished numbers of glucocorti-
coid receptor-encoding transcripts in the hippocam-
pus.” Such inhibitory effects of these NAS GABA,
agonists are not surprising, since other positive al-
losteric modulators of the GABA, receptor such as
benzodiazepines inhibit baseline and post-challenge
HPA axis activity in rodents as well as in healthy hu-
man volunteers and patients with panic disorder.”
We are therefore proposing that there is a full-loop
homeostatic control mechanism between the HPA axis
and the NAS system during stress, with a paramount
negative feedback of NASs released after stress on the
increased HPA axis activity displayed during stress.
This interpretation fits the relatively new concept of
allostasis and allostatic load described by McEwen and
Seeman™ and suggests that NASs may play an impor-
tant role in this multidimensional extension of the
stress concept. This concept is based on the fact that
release of certain hormonal mediators such as gluco-
corticoids and catecholamines are essential for adapta-
tion, maintenance of homeostatis and survival in the
short term in response to acute stress (allostasis), but if
this release of “stress” hormones persists, they might
be harmful, inducing a disease process (allostatic load).
We believe that it is essential to continue investigating
the release of NASs in response to stress in humans
because data suggest that such release, particularly the
release of positive allosteric modulators of the GABA,
receptor, contribute (in association with, for example,
cortisol negative feedback) to the extinction of the allo-
static mechanisms after termination of an acute stres-
sor. This release of NASs therefore prevents the devel-

J Psychiatry Neurosci 2002;27(3) 163



Le Mellédo and Baker

opment of deleterious effects (allostatic load) that
would be associated with the persistence of the biologi-
cal response to stress and, hence, prevents its deleteri-
ous effect on health.

Conclusions

There are now preliminary clinical data to support the
results of animal investigations that have suggested a
role of NASs in anxiety and therefore a potential role
for NAS analogues in the treatment of anxiety dis-
orders. Our results and those of others suggest that
anxiety disorders have in common some NAS dysregu-
lations but that each anxiety disorder may display its
own specific pattern of dysregulation. A global inter-
pretation of the role of human NASs in anxiety dis-
orders will be facilitated by extensive measurements of
various NASs since the effect of a decrease in one NAS
may be offset by an increase in another one with simi-
lar activity at the level of the GABA, receptor.® Given
the efficacy of SSRIs in the treatment of most anxiety
disorders and their ability to alter the enzyme kinetics
involved in NAS metabolism, it will also be important
to assess whether successful treatment with SSRIs is
associated with normalization of the NAS dysregula-
tion observed in patients with anxiety disorders.

The crucial role that NASs seem to play in prevent-
ing a chronic allostatic load suggests that their impor-
tance extends beyond mental health and that NAS dys-
regulation may be a unique link in the now well
described association between physical health and
mental health.
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